Bulk phase transformation kinetics were not well understood before Davenport and Bain developed time etemperature-transformation (TTT) diagrams for steel alloys in the 1930s. These powerful diagrams revolutionized the heat treatment of steel and other alloys. Grain boundaries and internal interfaces are now known to behave in a phase-like manner, referred to as 'complexions', and their transitions can be represented on TTT diagrams. We present experimental grain boundary complexion TTT diagrams for polycrystalline Al 2 O 3 and Y 2 O 3 . Grain boundary mobility discontinuities in Y 2 O 3 occur at different temperatures for different annealing times, an unusual pattern that becomes understandable when viewed on a complexion TTT diagram. Similarly, the anisotropy of Al 2 O 3 complexion kinetics can be visualized with these diagrams. Complexion TTT diagrams are a graphical tool to control interface-related phenomena such as diffusion, creep, oxidation, and microstructure evolution. They could explain why two-step sintering produces dense nanocrystalline ceramics and offer insight into other processes as well.
Introduction
Controlling the kinetics of bulk phase transformations is critical to controlling the microstructure and properties of a wide variety of solid state materials. The time it takes for an isothermal phase transformation to occur can be represented on a timeetemperature-transformation (TTT) diagram, which in turn can be used to prescribe successful heat treatments for a variety of materials. The TTT diagram was developed by Davenport and Bain in 1930 [1] and was a breakthrough in understanding the kinetics of bulk phase transformations. The importance and utility of the TTT diagram was immediately recognized and played a pivotal role in advancing the state of the art of steel heat treatment in particular and materials processing in general.
Internal interfaces such as grain boundaries also play a crucial role in the processing and properties of materials. Grain boundary engineering was first proposed in 1984 by Watanabe [2] and since that time has become a highly active area of research. The overarching goal of grain boundary engineering is to control the grain boundary character distribution to produce materials with better performance and properties. More recently, it has been demonstrated unequivocally that grain boundaries and other internal interfaces behave in a phase-like manner [3] , undergoing transitions that can change grain boundary properties such as mobility or diffusivity by orders of magnitude. These grain boundary complexion transitions have been traditionally referred to as grain boundary 'phase' transitions [4e6] . The term 'complexion' was proposed [7] to differentiate between interfaces (e.g. grain boundaries or phase boundaries) and bulk phases, and 'complexion' is the preferred nomenclature to describe phase-like transitions at grain boundaries [8] .
As summarized in a recent review article [8] , there is a substantial body of evidence demonstrating that grain boundaries behave in a phase-like manner and that different grain boundary complexions can have dramatically different properties. Complexion transitions have been described theoretically [9] and demonstrated via computer simulations and atomistic modeling [10e12] . When a grain boundary undergoes a complexion transition, its properties such as mobility, diffusivity, and cohesive strength may change discontinuously. In particular, mobility has been shown to change by over three orders of magnitude in alumina [13] . Presumably, all grain boundary-related properties will change somewhat during a complexion transition, but not necessarily by proportional amounts. For example, it is possible that the mobility can change by three orders of magnitude while the diffusivity only changes by an order of magnitude or less. This type of disparity could be exploited in grain boundary engineering. Several equilibrium complexion diagrams have been generated [8] but the importance of the kinetic transition behavior of complexions has been overlooked thus far. Based on their phase-like behavior, it stands to reason that grain boundary complexion transitions should be able to be represented on TTT diagrams in a manner analogous to bulk phase transitions. As such, grain boundary complexion TTT diagrams have the potential to impact the field of grain boundary engineering in the same way that bulk phase TTT diagrams impacted the heat treatment of steel alloys and other materials.
In this article, we present grain boundary complexion TTT diagrams for polycrystalline yttria (Y 2 O 3 ) and alumina (Al 2 O 3 ), two ceramic materials of technological interest and importance. Alumina and yttria are often doped with impurities to influence their microstructure development and enhance their properties. For example, Eu-doped Y 2 O 3 sinters more readily and is more optically transparent than undoped Y 2 O 3 [14] , Yb/Er codoping of Y 2 O 3 influences its optical emission behavior [15] , and Y-doped Al 2 O 3 has increased resistance to high-temperature creep due to yttrium segregation to grain boundaries [16] . Accordingly, the experiments used to develop the grain boundary complexion TTT diagrams presented here focus on two doped systems, Y-doped Al 2 O 3 and Yb/Er codoped Y 2 O 3 .
Abnormal grain growth due to a discontinuous jump in grain boundary mobility is one of the most recognizable signs of a grain boundary complexion transition in doped ceramics [8] . Atomicresolution transmission electron microscopy has shown that grain boundaries surrounding an abnormal grain have a chemistry and structure that is distinct from boundaries of normal grains [13] . Grain growth kinetics analysis has shown that the effective grain boundary mobility of these boundaries can be over three orders of magnitude higher than grain boundaries surrounding normal grains. Therefore, by monitoring grain growth as a function of time and temperature, it should be possible to map out the conditions under which grain boundary complexion transitions occur when subjected to isothermal annealing. The grain boundary complexion TTT diagrams presented in this work were generated by analyzing grain growth behavior in Y-doped Al 2 O 3 and Yb/Er-doped Y 2 O 3 under isothermal annealing conditions.
At the outset we point out that grain boundary complexion TTT diagrams are not identically analogous to bulk phase TTT diagrams because a grain boundary has five additional macroscopic degrees of freedom that describe its character. Three degrees of freedom describe the misorientation of the two grains on either side of the boundary and two degrees of freedom describe the grain boundary plane inclination. Therefore, each type of grain boundary will behave differently in thermodynamic terms and have its own TTT diagram. However, the microstructure development and properties of a polycrystalline material are often dominated by a subset of grain boundary complexions that all transition within a small temperature range and thus behave in a thermodynamically similar manner [8] . The result is that in many practical situations, grain boundaries of different character can be lumped together and treated as a group when plotting diagrams. GmbH & Co. KG, Goslar, Germany) was used, with a starting particle size less than 100 nm as determined by TEM analysis. The doped and undoped sintering specimens were produced directly from the as-received powders.
Experimental
Impurities in the starting Y 2 O 3 powders were quantified via inductively coupled plasma (ICP) analysis (Intertek Caleb Brett, Deer Park, TX) to determine the main impurities and their concentration. The impurities present in each powder are shown in Table 1 . To avoid further contamination, the powder was uniaxially dry pressed in an alumina die under a low pressure (<1 MPa) to form disks of 14 mm diameter. The disks were then rubber-bagged and cold isostatically pressed at 35 MPa for 2 min. The green specimens were placed on a high purity alumina plate, covered with an alumina crucible, and fired in a box furnace at temperatures of 1000 Ce1600 C in air. The heating and cooling rates were 6 and 5 C/min, respectively. Soaking time at the sintering temperature varied from 0 to 24 h.
The bulk density of the Y 2 O 3 sintered compacts was measured by the Archimedes immersion method using distilled water with 0.01% Brij-35 as a wetting agent. Samples for microstructural examination were cut from the core of the sintered pellet to avoid surface contamination effects, polished to a 1 mm finish, and thermally etched at a temperature 30 C below the firing temperature for 15 min. Heating and cooling rates for the etching treatment were 10 C/min.
The microstructure of the Y 2 O 3 sintered samples was characterized by scanning electron microscopy (SEM) (Hitachi 4300; JEOL 6300F; Philips XL30 ESEM). The average grain size of each specimen was determined statistically by measuring about 1000 grains from the SEM images. Elemental analysis via energy dispersive X-ray spectroscopy (EDS) was done on a scanning transmission electron microscope (STEM) (VG Systems HB603) with a Nion Cs-corrector operating at 300 kV. X-ray diffraction (XRD) was conducted to identify the phases present in the powders and sintered specimens.
The Y-doped Al 2 O 3 sandwich specimens were prepared as described elsewhere [17] . In brief, a bulk sample with (0001) and (1120) single crystals of sapphire embedded in a 500 ppm Y-doped alumina polycrystal was spark plasma sintered, sectioned, and polished. Each sectioned sample was heated to a temperature between 1450 C and 1600 C for times between zero and fifteen hours, where zero hours refers to heating the sample to the annealing temperature and then immediately cooling. Electron backscatter diffraction (EBSD) was used to collected orientation images of the interface and adjacent grains. While the authors recognize that EBSD does not give the most accurate representation of grain size, it was important to know the orientation of the single crystal along which the large grains were characterized. Using EDAX-TSL orientation imaging software (EDAX Inc., Mahwah, NJ USA), a data partition was set to remove all large grains as well as the single crystals from the scans. The average grain size of the partitioned smaller or "normal" grains was then determined. With knowledge of this value, a partition of 2.7 times the average normal grain size was used and the average normal grain size was recalculated and adjusted. This method was iterated until the partition was 2.7 times the average normal grain size. To show only larger than average grains as a metric for quantifying transitioned boundaries at the single crystal interface, a second filter was applied to the full dataset showing only grains three times larger than the previously calculated average normal grain size. In the case where there were some small grains, but the overall population of grains were clearly impinged large grains; the normal grain size cutoff was estimated by extrapolating data from the unimpinged microstructures heated for shorter times.
Results
As the experimental results presented here demonstrate, the majority of grain boundaries in the Y 2 O 3 specimens behave similarly and therefore the transition kinetics for all grain boundaries in this system can be represented by a single curve on the TTT complexion diagram. On the other hand, in Y-doped Al 2 O 3 , the grain boundary complexion transitions are not adequately represented by a single curve. Two different populations of grain boundaries with different grain boundary character distributions were studied in this system, one with higher average grain boundary energy and one with lower average energy, resulting in two curves on the TTT complexion diagram. These two curves represent the average kinetic behavior of the two different grain boundary populations.
In the Y 2 O 3 experiments, grain growth kinetics were analyzed for undoped high-purity Y 2 O 3 and five different commercially doped specimens with different amounts of Yb and Er codoping. Three of the doped specimens contained 10 wt% Yb 2 O 3 codoped with 1 wt%, 2 wt%, or 4 wt% Er 2 O 3 and two of the specimens contained 12% Yb 2 O 3 codoped with 2% or 4% Er 2 O 3 . These co-doped specimens will hereafter be referred to with abbreviated notation, e.g. 10%Yb/1%Er refers to the specimen codoped with 10 wt% Yb 2 O 3 and 1 wt% Er 2 O 3 . Fig. 1 shows the grain size of two of the doped Y 2 O 3 specimens and the undoped Y 2 O 3 specimen after sintering for six hours at a series of increasing temperatures. The grain growth of undoped Y 2 O 3 was smooth and continuous, with the grain size increasing gradually with temperature. In contrast to this classical behavior, the grain growth of doped Y 2 O 3 showed a rapid increase in grain size at 1470 C and 1500 C for the 10% Yb/1% Erdoped powder and 10% Yb/4% Er-doped powder, respectively. The rapid jumps in grain size at these two temperatures are the mark of a grain boundary complexion transition in which the grain boundary mobility changes discontinuously due to first-order transitions in grain boundary structure and chemistry. These complexion transitions are somewhat spread out over a small temperature range because each grain boundary has a different character and will therefore transition at a slightly different temperature [8] .
The other Yb/Er codoped Y 2 O 3 specimens displayed similar jumps in grain size within this temperature range. However, no systematic correlation existed between the Yb/Er dopant concentration and the complexion transition temperature. Since impurities and dopants in concentrations as little as 30 ppm are known to influence grain boundary complexion transitions [13] , impurity analysis was carried out as shown in Table 1 . The doped Y 2 O 3 specimens contained a higher concentration of Al, Si, and Ca impurities than the undoped Y 2 O 3 powder. These impurities are suspected to be the cause of the grain boundary complexion transitions in the codoped Y 2 O 3 specimens.
A more extensive series of experiments was carried out on 10% Yb/1% Er-doped Y 2 O 3 to investigate the effect of sintering time on grain size and complexion transition temperature. Sintering times between zero and six hours were studied over a range of temperatures. The results of these grain growth experiments are summarized in Fig. 2 . The most notable result is that the complexion transition temperature appears to depend on the sintering time. The discontinuous jump in grain growth occurs at above 1500 C for the specimen sintered for zero hours whereas the transition occurs at about 1470 C for the specimen sintered for the longest time of six hours. In other words, the complexion transition temperature appears to depend on the annealing time.
The reduced grain boundary mobilities of doped and undoped Y 2 O 3 calculated from the grain growth experiments are plotted in Fig. 3 . The undoped Y 2 O 3 specimen exhibits classical Arrhenius behavior, i.e. the grain boundary mobility increases continuously with increasing temperature. In contrast, both Yb/Er codoped Y 2 O 3 specimens exhibit discontinuous jumps in grain boundary mobility, which is the signature of a grain boundary complexion transition [8] .
Further analysis was carried out to determine if the Yb or Er dopants segregated to grain boundaries and if second phases were present. Scanning transmission electron microscopy (STEM) with energy-dispersive X-ray spectroscopy (EDS) showed that Yb and Er are uniformly distributed through the sintered microstructure with no preference for grain boundaries. X-ray diffraction patterns of the 10% Yb/1% Er-doped Y 2 O 3 sintered for six hours above and below the complexion transition temperature (i.e. from 1200 to 1500 C) only exhibit diffraction peaks for cubic Y 2 O 3 (PDF 08-6817). Taken together, the STEM-EDS and XRD data demonstrate that the sintered 10% Yb/1% Er-doped Y 2 O 3 specimens were comprised of a solid solution with no second phases present and no grain boundary segregation of Yb or Er.
To investigate the complexion transition temperature further, sintering trajectories for 10% Yb/1% Er-doped Y 2 O 3 were measured for a series of different temperatures. The results, shown in Fig. 4 , demonstrate two markedly different behaviors that depend on the sintering temperature. At 1450 C, the grain size remains almost constant while density increases, demonstrating that densification essentially occurs without grain growth. At temperatures of 1470 C and above, the trajectory is nearly vertical, i.e. grain growth proceeds without densification. The sharp change in the grain size versus density trajectory that occurs between 1450 and 1470 C is unusual and in opposition to classical sintering theory. The discontinuous change in behavior at 1470 C indicates that a grain boundary complexion transition has occurred. This is the same temperature at which the grain boundary mobility jumped discontinuously in the grain growth experiments as discussed above.
The grain growth results from the 10%Yb/1%Er codoped Y 2 O 3 specimen from Fig. 2 were replotted on timeetemperature axes to produce the grain boundary complexion TTT diagram shown in Fig. 5 . The red circles represent points after which the discontinuous jump in grain growth occurred (i.e., large grain size) while the blue circles represent points before the transition (i.e., small grain size). The dividing line between these points shows that the grain boundary complexion transition occurs more rapidly as the temperature is increased. This visual representation of the data in Fig. 2 clarifies the grain growth results and makes it simple to predict the combinations of annealing time and temperature that will produce a complexion transition, and hence will result in a very large average grain size.
Grain growth kinetics in Y-doped Al 2 O 3 were investigated using a novel sandwich-style specimen in which 500 ppm Y-doped Al 2 O 3 powder was spark plasma sintered (SPS) between two single crystal Al 2 O 3 wafers. Details of the specimen preparation process [17] and relevant results from experiments in this materials system have The blue circles represent points in timeetemperature space at which small grains existed in the specimen (low temperature GB complexion is either stable or metastable). The red circles represent points after which the discontinuous jump in grain growth occurred resulting in very large grains (high temperature GB complexion is stable). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) been published previously [17, 18] and will be briefly explained here. However, the experimental data that demonstrates the timeetemperature correlation of the complexion transitions in Ydoped Al 2 O 3 is presented here for the first time.
The orientations of the single crystals in the sandwich-style Ydoped Al 2 O 3 specimen were selected so that one crystal had its Cplane (0001) facing the powder and the other crystal had its Aplane (1120) facing the powder. These two crystal planes were selected based on the results of grain boundary character distribution measurements that demonstrated that relatively few grain boundaries contained (0001) planes after annealing at 1600 C, while a relatively large number of boundaries contained (1120) planes [18] . These results demonstrate that grain boundaries containing (0001) planes have a higher grain boundary energy than boundaries containing (112 0) boundary planes. Therefore, by producing a sandwich specimen in which one single crystal of each plane orientation exists, the population of grain boundary characters can be biased toward low energy boundaries or high energy boundaries along the (1120) or (0001) single crystal boundaries, respectively. To confirm that the sandwich specimen successfully biased the grain boundary energies along each single crystal interface, the relative grain boundary energies were measured by atomic force microscopy (AFM), which showed that grain boundary energies along the A-plane crystal interface were lower on average than grain boundaries far from the single crystal, and that grain boundary energies along the C-plane were higher on average than grain boundaries far from the crystal [17] .
The percentage of A-plane or C-plane boundary that transitioned from the low temperature to high temperature complexion was calculated by measuring the length of abnormal grain boundaries along the single crystal interfaces. At each combination of time, temperature, and interface type (A-or C-plane interface) an interface length of about 1000 mm was analyzed. Depending on the annealing conditions, average grain sizes of normal grains ranged from approximately 1e5 mm while average sizes of abnormal grains ranged from 5 to 15 mm. These measurements were carried out on electron backscatter diffraction (EBSD) maps. The measurement method is shown graphically in Fig. 6 . While this straight-line measurement method produces distances that are shorter than the true, meandering interface distance, all interfaces were treated in the same way and any related uncertainty likely affected all measurements. In the case that the single crystal interface had advanced much farther than a few grain sizes into the matrix, multiple lines were combined to determine the total length of the interface, as shown in Fig. 6(d) . Lines were then manually drawn between triple points of abnormal grains that were connected to each interface. The total length of all of the boundaries between an abnormal grain and the single crystal was divided by the total length of the single crystal to determine a percent interface transformed. This method worked well in the cases where there was a clear bimodal distribution. However, after the large grains began to impinge on each other leading to a normal distribution with a much larger grain size, it was evident that even with the extrapolated normal grain size, an accurate representation of impinged abnormal grains could not be determined.
The results of the percentage transformation are displayed in bar graph format in Fig. 7 . One overall trend visible in Fig. 7 is that grain boundary complexion transitions occur at lower temperatures and shorter annealing times along the high-energy C-plane (0001) single crystal interface than they do along the low-energy Aplane (110) interface. Another trend is that a higher percentage of grain boundary is transformed at longer annealing times along both single crystal interfaces. Two outliers exist in this data for the samples annealed for 2 h at 1500 C and 0.5 h at 1600 C. It is believed that these outliers exist due to the distribution of grain boundary energies along each single crystal interface [17] and the stochastic nature of the measurement process which does not necessarily represent all grain boundary characters with equal probability. These outliers are accordingly not included in subsequent analysis because they do not represent the overall trends evident in the data.
When the numerical data from Fig. 7 are plotted on a logarithmic time scale it can be seen that their trajectory conforms to Avrami transformation behavior as shown in Fig. 9 . The Avrami equation is often used to analyze experimental bulk phase transformation kinetics [19, 20] . Although it strictly only applies to bulk transformations, to maintain the analogy between bulk phase kinetics and complexion kinetics, we will apply the Avrami equation to describe the grain boundary complexion transition kinetics:
where y is the fraction of grain boundaries that have undergone a complexion transition at time t, k is the rate constant, n is the Avrami exponent, and k and n are assumed to be time-independent constants. As mentioned, applying the Avrami equation to complexion kinetics is not necessarily theoretically justified, so we present the following analysis cautiously and with the primary goal of developing a complexion TTT diagram that illustrates the overall complexion kinetics present in the experimental data. To that end, the Avrami constants k and n were determined. These parameters are often determined by rearranging Eq. (1) into a linear form:
lnðÀlnð1 À yÞÞ ¼ lnðkÞ þ n lnðtÞ (2) The values of n and k can then be determined from the slope and intercept of the line produced by Eq. (2) that best fits the experimental data points. This fitting process is illustrated in Fig. 8 for the data at 1600 C and the Avrami parameters determined in this manner are summarized in Table 2 .
The activation energies for the complexion transitions along the A-plane and C-plane were determined by fitting the data for the rate constant, k, in Table 2 to the equation, k ¼ k 0 expðE A =k B TÞ, where E A is the activation energy, k B is Boltzmann's constant, T is temperature. The activation energies for the A-plane and C-plane were found to be 2.00 and 1.57 eV, respectively, as shown in Table 2 . We note here that these activation energies have been calculated for the sake of completeness, but should not be relied upon for mechanistic interpretations. First, they were calculated based on data from only two temperatures and second, they are subject to the same experimental errors as the Avrami rate constant, k, which will be addressed below.
The values of k and n shown in Table 2 were used to extrapolate the experimental data so that the times at which 10%, 50%, and 90% of grain boundaries would undergo a complexion transition at 1500 C and 1600 C could be estimated. These six transformation times, plotted as six discrete points in Fig. 10 , were calculated by rearranging Eq. (1) and solving for t at a given fraction y, i.e. y ¼ 0.1, 0.5, or 0.9. Curves were fit to these points to produce the grain boundary complexion TTT diagram for Y-doped Al 2 O 3 , which is shown in Fig. 10 . The curve fits were obtained with the exponential function T ¼ A expðBt ÀD Þ þ T C , where A, B, and D are fitting parameters and T C is the complexion transition temperature. Because they are derived from a simple exponential function, these curves are not meant to be rigorously correct from a thermodynamic point of view, rather they are intended to be visual guides to show the overall transformation kinetics from the experiments. This complexion TTT diagram is a visual representation of the kinetics data shown in Figs. 7 and 9. As discussed below, this data suggests that grain boundaries with higher energy will transition more quickly and at lower temperatures than boundaries with lower energy. Based on this implication, the complexion transition temperature T C for the A-plane interface is depicted in Fig. 10 as being at a slightly higher temperature of 1435 C than the C-plane interface, whose T C is shown as 1425 C. A transition temperature of 1425 C was chosen because from preliminary experiments, it was found that no grain boundaries underwent a transition at this temperature, even for long times, whereas transitions occurred at 1450 C for the relatively long annealing time of 15 h, as shown in Fig. 7 . It is apparent from this complexion TTT diagram that grain boundaries along the higher energy C-plane interface undergo a complexion transition at earlier times than those along the lower energy A-plane interface, and therefore that grain boundary anisotropy plays a significant role in complexion transition kinetics.
Discussion
The experimental data presented here demonstrate that grain boundary complexion transitions have a time dependence and that their transition kinetics can be represented on complexion TTT diagrams in a manner analogous to bulk phase TTT diagrams. These complexion TTT diagrams suggest that grain boundary complexion transitions propagate by a nucleation and growth method. There is a time delay during which the complexions transitions nucleate, and then a growth period during which they spread along the grain boundary and throughout the microstructure.
There are some modifications to the analogy between complexion TTT diagrams and bulk phase TTT diagrams that should be made when interpreting the results of this study. First, the complexion TTT diagrams presented here represent the transition from a low temperature complexion to a high temperature complexion during isothermal heating. In contrast, bulk phase TTT diagrams usually represent the transition from a high temperature phase to a low temperature phase during isothermal cooling. A "nose" does not exist in the complexion TTT diagrams because they are isothermal heating diagrams rather than isothermal cooling diagrams. Accordingly the transition rate increases with increasing temperature and does not reach a maximum at an intermediate temperature. Isothermal heating conditions were used to produce the complexion TTT diagrams because many grain boundaryrelated phenomena, especially degradation processes of technological importance, occur upon heating, e.g. creep, oxidation, and abnormal grain growth. Although the reverse transition upon cooling could also be shown on a complexion TTT diagram, the heating transition is often of greater interest in applications.
Although grain growth discontinuities are an accepted marker of grain boundary complexion transitions [8] , the appearance of larger grains due to a discontinuous jump in mobility will lag behind the transition of the grain boundary itself. In other words, the complexion TTT diagrams in Figs. 5 and 10 include not only the time required for the complexion transition to occur, but also the time required for the grains adjacent to the transitioned boundaries to grow large enough to be experimentally observed as abnormally large. Despite this experimental issue, the times depicted in the grain boundary complexion TTT diagram appear to be reasonable when compared to the time required for surface phase transitions to occur. In the case of the Si (111) surface, this transition is on the order of tens of seconds to a few minutes at experimentally investigated temperatures [19] . To a first approximation, grain boundary transition times should require a similar amount of time to occur as surface phase transitions, which is generally true based on the grain boundary complexion TTT diagrams presented here. It is important to keep in mind that the time required to transition is a strong function of temperature and will change by orders of magnitude as the temperature is changed.
In addition to the above differences between complexion and bulk phase TTT diagrams, grain boundaries have five additional macroscopic degrees of freedom when compared to bulk phases. Each different grain boundary character should in principle have its own curve on the complexion TTT diagram. In practice, since many grain boundaries transition under similar conditions [8] , these multiple curves can be collapsed onto one or two curves as was done here for the complexion TTT diagrams for Y 2 O 3 and Al 2 O 3 , respectively. Even though the effective grain boundary mobility in Y 2 O 3 underwent a discontinuous jump during the complexion transition as shown in Fig. 3 , abnormal grain growth did not occur in this system. Instead, there was normal grain growth and a unimodal grain size distribution above and below the complexion transition temperature, with the average grain size increasing dramatically over a small temperature range of about 20 C. From these observations it can be inferred that many grain boundaries in this system transition under very similar conditions and a single curve on the complexion TTT diagram is an appropriate way to describe their transition kinetics collectively.
In contrast, abnormal grain growth and a bimodal grain size distribution was observed in the Y-doped Al 2 O 3 specimens between 1450 and 1600 C, while above 1600 C and below 1450 C the grain size distribution was normal. The abnormal grain growth in this 150 C temperature range demonstrates that two populations of grain boundaries underwent complexion transitions at markedly different times and temperatures. This observation was the reason for creating the sandwich style specimen so that two different populations of grain boundaries could be measured, one with higher average energy (C-plane) and one with lower average energy (A-plane).
Similarly, the Y 2 O 3 complexion TTT diagram only has a single transition curve rather than start and end curves, whereas the Al 2 O 3 complexion TTT diagram has curves marking the start and end of the complexion transitions. The abnormal grain growth that occurred in the Y-doped Al 2 O 3 specimens enabled these start and end curves to be plotted because the percentage of interface transformed could be measured based on the abnormal grain coverage. In contrast, since abnormal grain growth did not occur in Y 2 O 3 , there was no range of times over which the different stages of complexion transition could be tracked, and therefore no start and end curves are depicted even though they should in principle exist.
The experimentally fitted Avrami curves from Fig. 9 were used to plot the start and end transition curves in the Al 2 O 3 complexion TTT diagram in Fig. 10 . The Avrami curves fit the data for the Aplane interface transitions reasonably well at both 1500 and 1600 C. However, the Avrami curves do not fit the data points for the C-plane transitions at 1600 C as well. One potential reason for this poorer fit is that the distribution of grain boundary energies and hence grain boundary character along the C-plane interface is much wider than along the A-plane interface [17] . Since each type of grain boundary character will require a different amount of time to transition at the same temperature, the C-plane transition is expected to be more spread out in time than the A-plane transition and hence not fit as well. The relatively poor counting statistics of the experiment also contribute to the less than perfect fit of the data points to the Avrami equation. Even though 1000 mm of interface length was examined for each combination of time and temperature and interface type (A or C interface), totaling over 20,000 mm of interface length examined, the transformation kinetics depend on the observation of abnormal grains along this interface. For shorter annealing times, abnormal grains are a relatively rare event, and as time progresses it becomes difficult to differentiate abnormal grains from normal grains. This tends to make measurements at short time prone to statistical fluctuations, while measurements at longer times tend to be less robust. The Avrami exponents presented in Table 2 are the first Avrami exponents measured for complexion transitions and, while the value of the exponent is sometimes associated with the nucleation mechanism for a bulk transformation, the significance is currently not obvious for a 2D complexion transition.
Because the Yb/Er-doped yttria specimens in the present experiment are not quite fully dense, but only nearly fully dense, it is important to consider the effect of porosity on the grain growth data. The density of the 10% Yb/1% Er-doped specimens was approximately 97e98% between the temperatures of 1450 and 1480 C, the temperature range over which the complexion transition occurred. Therefore, the maximum difference in porosity at the temperatures below and above the complexion transition is only about 1%. This difference in porosity is too small to explain the mobility discontinuity, which is almost two orders of magnitude. The same difference in porosity exists for the undoped specimen, which does not undergo a mobility discontinuity. Furthermore, it has been shown that grain growth in Y 2 O 3 is controlled by grain boundaries and that pore drag is negligible [20] . Therefore, the evidence suggests that porosity does not play a role in the observed grain boundary mobility discontinuity.
Finally, it is important to mention that the outer layer of the Yb/ Er-doped yttria sintered pellets in this study had a much smaller grain size than the material at the center of the pellets. The fine grain size on the outer layer of the pellets is probably due to impurities that enter the specimen from the furnace. Although the impurities and their concentration were not identified in this study (the outer layer was removed to enable accurate grain size analysis), the presence of this fine-grained microstructure suggests that certain impurities may be very beneficial for inhibiting grain growth in Y 2 O 3 and achieving a dense nanocrystalline microstructure.
One potential application of grain boundary complexion TTT diagrams is the production of bulk nanocrystalline metals and ceramics. For example, the complexion TTT diagrams presented here can potentially explain the underlying mechanism responsible for the success of two-step sintering. Two-step sintering is a method developed by Chen and Wang [21] for producing dense, finegrained ceramics by first firing at a high temperature and then at a lower temperature. They produced near fully dense yttria (Y 2 O 3 ) with a grain size of 60 nm using 1% Mg doping. In two-step sintering, grain growth is suppressed at the lower temperature while diffusivity remains high enough to enable densification. The underlying mechanism responsible for the success of two-step sintering is not understood, but the complexion TTT diagrams shown here could offer insight into the process. It is possible that two-step sintering is successful when the first high-temperature firing step is short enough to avoid a complexion transition e and hence to avoid runaway grain growth e while the second sintering step is at a temperature below the complexion transition temperature. In this way the high temperature firing step could provide enhanced kinetics for accelerated densification while the low temperature firing enables densification to proceed while maintaining much slower grain growth associated with the low temperature grain boundary complexion.
Conclusions
Complexion TTT diagrams can provide precise control over the nucleation and growth kinetics of grain boundary transitions. This new tool to control grain boundary structure and properties has the potential to impact the field of grain boundary engineering as well as important applications in which grain boundary properties can be dominant, such as high temperature oxide scale growth and rare earth element doping for creep resistance in high temperature ceramics. Future studies that examine the effect of grain boundary character on transition time will be important in furthering the study of complexion transition kinetics. Additionally, the development of new techniques to more directly probe the time dependence of the complexion transitions and their associated properties discontinuities, rather than relying on microstructural markers such as abnormal grain growth, will be of great use in developing complexion TTT diagrams. In particular, studies that decouple complexion transition kinetics from grain growth kinetics will be of great value to the field. Given the difficulty and complexity of studying internal interfaces such as grain boundaries, it is likely that a suite of advanced characterization techniques will be needed to develop more accurate and powerful grain boundary complexion TTT diagrams. These efforts could be rewarded with a variety of advances in the field of grain boundary engineering.
